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FOREWORD

This work was sponsored by the Air Force Flight Dynamics Laboratory,

Air Force Systems Coamand, Wright—Patterson Air Force Base, Ohio, under Con-

tract F33615—75—C—3082 and was performed by Caispan Corporation between April

1975 and October 1977.

The program initiator and technical monitor at AFFDL, up until Sep-

tember 1976, was Mr. Jon B. Bader. Subsequently , the program monitor responsi—

bilities were assumed first by Dr. Robert F. Carpenter and then by Mr. Hsue—Fu

V Lee. The developments reported were carried out under Project 1426, “Exper—

imental Simulation of Flight Mechanics,” Task 142601, “Diagnostic , Instrumen-

tation and Similitude Technology,” and Work Unit 14260139, “Transition Proba—

bility and Pressure Broadening Parameters of Copper Atomic Lines”.

The motivation for the present work was in the further development of

a spectroscopic diagnostic technique for the measurement of blunt—body stagna-

tion tmnperatures , employing the trace copper contamination present in the

flows emerging from high—pressure arc facilities. Particular application of

V the diagnostic technique was proposed for the AFF’DL ReEntry Nose Tip (RENT)

Facility.

The authors gratefully acknowledge the major efforts performed by

Mr. Robert E. Phibbs of Calspan Corporation in the performance of the laboratory

measurements.
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S[IMI.IARY

0

Relative transition probab ility measurements b r  the 5153A and
0r 5106A copper atomic lines have been performed under optically thin condi-

V tions in argon , at a temperature of 4,000°K. The measured relative intensity

V ratios , R , for the two copper lines are shown to be in reasonably close

accord with the results of Kock and Richter. Relative copper line i n t e n s i ty

- 
V measurements were also obtained under non—thin conditions , as complementary

data to SlO6A copper line—broadening measurements performed in N2 and air.

The measurements In N -’ , at a temperature near 5I1900 K , were found t o  ~teld R

- values which were in close proximity to the curve defined by the optically

thin results. However, considerations of optical thickness effects on these

data have shown the results to be inconsistent with the predicted e t tt ~ct s  of

self absorption , based on separate opacity measurements. it is concluded

that the opacity measurements are in error, and the gas is not as thick as

the opacity measurements indicate. Relative intensity measurements were also

obtained in air at a temperature near 5,000°K. These data were super—imposed

upon a high level of background radiation within the radiometer filter band—

V 
l 

passes. On the basis of supplementary measurements performed tn pure air a

i V j correction for the background radiation could be investigated . The corrected

• relative intensity ratio for the copper lines was then also found to exhibit

close correlation with the measured R values at 4,000 K and 5 9000K. The

effect of pressure broadening on the SlO6A copper line was investigated in

the shock tube experiments using both N2 and air as Cu—aerosol carrier gases .

1 Spectral scans of the 5106A Cu line in N2 exhibited an increase in the

measured line width which was consistent with the two—fold increase in total
0

gas pressure. The measured half width at half height for the 5106A Cu line,

x 
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reduced to s tandard  temperature and pressure conditions , was 0.021A . The
0

V 
corresponding optical collision diameter was 5.7A , which is close to the

value reported by Ovechkin and Sandrigailo. Similar spectral scan measure-
0

ments of the SlObA Cu line in air were comprised by a high level of under-

lying continuum—like radiation within the wavelength intervals of interest.

This background radiation was shown to originate from the heated air carrier

gas. Corrections for background radiat ion were made to the 5106A Cu line

scan data in Cu—seeded air at 90.3 atm total pressure on the basis of

spectral scan measurements performed in air without copper. The corrected

line profile was used to provide a reasonable estimate for the line half

width, at standard temperature and pressure in ait , which indicated no

apparent effect due to the presence of 0., on the 5lO6A line width . The
0

5106A line center was observed to be shifted to longer wavelength with in—

crease in N2 gas pressure . The observed ratio of line full width at half

height to line center shift was found to be in reasonable accord with

Lindholm ’s theoretical value for van der Waals ’ forces and in agreement

with the ratio measured by Ovechkin and Sandrigailo for the SlO6A copper

line in collisions with N2 molecules.
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SECTION I

INTR0DUCTTO~

In high-pressure arc facilities the test air is heated by a high-

energy electric discharge between copper electrodes. Typically, the high-

temperature arc conditions and e lec t rode  erosion introduce unknown amounts of

a t o m i c  copper in to  the a i r  f low . I t  is poss ib le . howe ver , tha t  under favorable

condit ions the presence of the atomic copper contaminant can be used as a

thermometric species in spectroscopic diagnostics of the arc-heated air.

- 

V 
Copper possesses a number of atomic lines in the visible spectral

region (5~o~A , 51S31 , 521SA , 5220A , 5~’Oo\ , 5728A): the ratio of the relat ive

radiance of selected pairs of these lines (5105 and 5153 , for example) can be
used to infer the electronic temperature of the copper. For this spectral

region (5l0& and 5 15 3V V \) the radiance of these atomic copper lines varies

approximately as the third and sixth power of the temperature at temperatures

of 10,000 and 5000 i.~ respectively. Because of the strong temperature dependence

the measurement of the relative line radiances of the copper atom offers a

means for accurately measuring the temperature of the air environment under
conditions of thermal equilibrium .

The implementation of such a diagnostic is predicated , of course ,

upon an accurate knowledge of the spectroscopic parameters of atomic copper.

In particular , it is required that the relative transition probabilities of

the 5106 and 5153A lines of atomic copper and the line shapes under typical

arc-facility conditions of pressure broadening and Stark broadening be known.

The general objective of this research program was to conduct a program of

laboratory measurements to provide some of these basic data.

A pure copper aerosol was generated in suspension in air, N2 
and

V 
argon as carrier test gases , and compressed and heated to controlled and known

V thermodynamic conditions in a shock tube. The primary data consisted of

relative line radiance measurements and line-width measurements under con-

ditions where the line width was determined by pressure broadening.

1
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The diagnostic instrumentation, measurement techniques , theoretical
- considerations and the experimental results are discussed herein.
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SECTION I I

SHOCK TUBE AND AEROSOL-GENERATING S’t STEM

2.1 SHOCK TUBE

The shock tube has found wide application in the processing of gases

V to known high values of equilibrium temperature and pressure for diagnostic
observation and measurement. In particular , the shock tube employed in the

present stud ies was spec i fically des igned for radiation measurements from

shock-heated gases. Such measurements have encompassed the wavelength region

from the vacuum u i t  ray iu l t ’  t ( 800A) to the short ~,V O I ye I en gt h i n  Ira red ~ i n )

temperatures f~,jm 2 , 000 °K to 13 . 000 °k , emp O \V  j ng a ~ ~~~~ r ft \
V ~ pffl ~(~ t es

gases and spec i fi c gas mi xt ur es

The shock tube employed in the present stud ies is shown ~chema t i c a l l y

in Figure 1. It consists of a 30-foot length of 3-inch diameter driven tube

and a 5-foot length of 4-inch diameter driver tube . Depending upon the in—

cident shock Mach number requirements for processing of the driven-tube test

gas , the driver gas may be selected as either room-temperature H2, He or N ,.

Both helium and hydrogen were employed as driver gases in the present experi-

ments.

Prior to each experiment , the driven section is routinely pumped to

the order of io _ 2 
p.lIg (ionization gauge readout) by means of a li quid-n itrogen

trapped diffusion pump system. The driven tube is then loaded with the test

gas (carrier gas + Cu aerosol in the present case) to a prescribed initial

pressure. The driver tube is then pressurized to provide the driver/driven

gas ~ressure ratio required to generate the desired incident shock velocity

through the test gas in the driven tube. Shock speed reproducibility is in-

sured through use of the double-diaphragm technique , which utilizes two

mild-steel scribed diaphragms for each test. As the incident shock wave V

traversed the last 12 feet of driven tube , it s passage was detec ted by means
of flush-mounted heat transfer gauges installed in the tube wall (Figure 1).

The time intervals between shock arrival at these precisely-located stat ions

3
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was recorded by megacycle interval counters to provide an accurate measuremen t

of wave speed as the shock approached the end wall. Excellent repeatability

( 1%) in measured shock speed was routinely achieved in repeat experiments.

Upon shock reflection from the end wall , the gas behind the incident

shock is further compressed to the higher temperature and pressure condition s

desired. The measured incident shock speed , together with initial test gas

conditions permit the calculation of the reflected-shock test gas condition s

to be computed with a reliability which depends on the accuracy of available

thermo-chemical data. Reflected shock calculations performed w i th  and with ou t

the presence of the copper indicated a negligible effect on the st a t e  thermo-

dynamic parameters ( < 0 .5%) due to the copper.

For a given shock speed, the incident and reflected test t imes are
determined by both the tube length and operating pressure of the experiment .

As noted , the tes t sec t ion length for the rad iation shock tube is 30 feet ,

which gives rise to test times more than sufficient to include passage of the

shock front, finite rate chemistry, excitation and nonequilibrium phenomena
and steady-state equilibrium condition as well as allowing synchronization

of various diagnostic techniques. As in any shock-tube facility, however ,

the experimentally attained test time decreases as the initial pressure de-

creases and wall boundary layers thicken. Previous experimental data indicate
V 

that only about 3S% of the calculated test time is achieved for initial pres-

sures of 1 torr or less. However, such low pressure conditions were not per-
tinent in the present experiments and the measured test times ( from 150 to

300&sccs) were quite adequate for the diagnostic measurements to be discussed .

2.2 GENERATION OF COPPER AEROSOL AND SEEDING OF THE CARRiER
TEST GAS

Several different methods have been employed to produce metal-bearing

gases for use in shock tube research. In the present experiments , the exploding-

wire aerosol technique was used to introduce the copper into the shock tube.

5
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This technique has been used most successfully in previous studies at Calspan
1 -

~ 
-ç

using aluminum , platinum and uranium ’ aerosols.

The method cons ists of exploding a short length of pure copper w i re
In a 4-in. dia. by 4-In, long cylindrical (aerosol) chamber attached to the

V end wall of the shock tube test section . The aerosol chamber volume is about

1/50 the volume of the shock tube test section and incorporates a pair of

coppe r ai~ e lec t  rodes to clamp the i~ ~00 5 in or 0.010 in ~i amet er copper w i r e

w i t h  capabi lit v for installation of variab le l e n g t h s  of w i  i-e up to 1 inch tong.

The wire is exploded by means of a capacitor discharge 2,200 joules), there-

by producing a metalli c copper smoke or aerosol in the small chamber.

In practice , the carrier test gas (Ar, N , or air) is introduced into

the init i a11 ~- evacuated aerosol chamber to a pressure of 1 atm , the wire is
V 

-~ exploded , and the aerosol chamber pressure is then further increased to a

prescribed value by the introduction of additional carrier gas. A valve is

then opened to admit the test gas • Cu aerosol suspension into the evacuated

driven section of the shock tube. The prescribed aerosol chamber pressure

prior to volume communication with the shock tube is  such that the int roduction

of the lest gas + aerosol produces the desired initial driven-tube pressure

in the shock tube. The aerosol chamber is then isolated by closing the com-

municat ing valve and the shock tube driver is pressurized for the execution of

the run.

The exploding wire technique produces an aerosol with submicron-size

particles which have been showr (e.g., Ref . 2) to vapori: t ’ read i ly in times

which are short compared with the reflected shock test-time interval. No

particulat e settling in the shock tube Is involved at the pressures and time

intervals pert inent in these experiments. The total amount of copper present

1. Wurster , W.H. Shock-Tube Spectroscopy of Ablative Species, Proc . Sixth
International Shock Tube SYmPOSIUm , Freiburg , Germany, Apr il l9t~’,Phys ics of Fluids Supplement , 12 . 1-92 , May 1969. V

2. Falk , T.J. Evaporation of Submicron Plat inum Particles in a Shock Tube,
J. Chem. Phys. , 48, 3305, AprIl 1968.

3. Wurster , W.1I. Uranium-Oxygen Radiation Studies , Final Report ,
1~NA 339SF , Cai span Corporation l9’4.
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in the carrier gas cannot be determined directly. Previous experience with

this technique3 has shown that a fraction , .~~5% , of the total copper vapori zed
can be expected in the high-temperature test gas.

The relative transition probability measurements employed a 2 nun

length of 0.005 in. diameter Cu wire . At the reflected-shock conditions for

these experiments , T 4,000°K, P — 32 atm ., where in the carr ier gas number V

1~) —~~~ l~ - 3
dens it v was about t x 10 - cm - a Cu— atom number dens it v of about 10 - cm

would he expected . For the line—width measurement -
~ • a 0. ~~ in . I engt Ii of 0 .010

in. diameter Cii wir e was used , in this case , if al l  the Cu that is vapor i  :ed

were contained in the fina’ t t~~t gas , the Cu loading would correspond to about

0.1 percent mole fraction at the reflected shock test conditions. However , at
l~
) —

the total number dens it ies of about S x 10 - to 10 cm involved in these

tests , typical Cu-atom number densities of about 10
15 

cm ‘

~ would be expected .
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SECTION 111

RELATIVE TRANSITION PROBABILITY MEASUREMENTS

The determination of the relative transition probabilities for the

5106g and 5l 53~ Cu lines was obtained from measurements of the relative line

radiances from the shock-heated test gas. A principal requirement for the

measurements of the transition probability ratio , however , is the existence
of optically thin line radiation conditions. An opacity-monitor instrument

- 

V 

was therefore designed and imp lemented for monitoriag t~ c optically thin con -

dition during the course of the relative transition probability measurements.

3.1 OPACITY MONITOR

The line opacity monitoring system was a tw in-beam system wi th which

V the 510~:\ Cu l ine radiance was monitored for a single and double-pass transit

of the shock tube diameter. The system comprised two photodiode detectors

fitted with appropriate field stops. The field stops are positioned and

focussed by means of a s imple lens to def ine iden tical and la r gel y over lapp ing
volumes at the same axial shock-tube locat ion. The opposite wall of the

shock tube is fitted with a window , half of which is rendered almost completely

absorbing while the other half is almost completely reflecting. One of the

photodiodes viewed the absorbing wall while the other viewed the reflecting

wall. For an optically thin gas , the ratio of the output signals has been

calculated to be about 1.85. The opacity monitor viewed the radiat ion from

the SIOnA line by using a narrow-bandpass 1l2g) interference filter centered

at 5108g, Calibration of this system involved the adjustment for identical
Ov era l l  system response for both channel c . The ca ii hi-at ion i~ as pertorined in a

sep arate  optical -bench experimenta l setup wherein the o p a c i t y  m o n i t o r  d e t e c t  or

~~ tems were illuminated h\V rneu~s o ’ a tungsten i- i bhon — f i lament lamp . \ focus

sing lens and a bean chopper we i’e also inco rporated into the opt i cal path * the

former being inst a 11 ed on a small micrometer t raverse Pl at t’orm . The tungsten

source was thereby traversed ac ross each det ect or f1 ’ hi of vi e and the over-

all svs tern gains between the two channels were carefully balanced by means of

a variable potent iometer in one o f the detector—amp Ii fi er ci rcui t s  .

~~~~
‘ Russo, A .L. and Wurster, W.Il., Transition Probability and Pressure
Broadening Parameters of Copper Atomic Lines , Interim Technical Report ,
Caispan Report No. WB-5726-A-2 , January 1976.
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3 .2 RELAT I\’F TRANSITION PROBA BIlITY MEAS 1JR!~MENT SY STEM

The measurement system forthe relat ive t ransition Probabil i t ies of the

~* l 0 (V l.V~ and 5153g lines of atomic copper comprised a split-beam two-channe l filter

radiometer system. The radiation from the test gas at known thermodynamic
conditions was imaged by a lens onto a spectrometer sl it mechanism. The
t hroughput radiat ion was divided (approximately 30% each) by a t ransmission ,!

reflect ion beainsplitter and passed through ind ividual narrow bandpass (
f i l ters onto photomultipliers. This approach provided greater overall opt ical

t hroughput than could be achieved w i th  a spectrograph system .

Accurate anal sis of the test  data required the precise determina-

tion of the transmission of the optical f i l ters at the two copper lines of

interest U’l0t~A and Sl53~). These calibrations were obtained using a Perkin-

Elmer Mode l 460 Atomic Absorpt ion Spectrophotometer and a Perkin-Elmer hollow-

cathode copper lamp. The calibrat ion was precise and additional considera—

tion s of slit functions, astigmatism or coma assoc iated with spectrographs

were not requ i red.

3.3 MEASURI~MENTS OF RELAT IVF TRANSITION PROBABILITIES

Initial calibrat ion experiments were performed to establish suitable shock

tube operat ing conditions for the relat ive t ransition probability measurements

and to define the sens i t iv i ty  and signal to noise performance of ~he diagnostics.

The relative transition-probabilit y measurements were performed using argon

as the Cu-aerosol carrier gas. The initial tests Included the selection of

suitable driver-to-driven gas pressure ratios required to Produce test gas

temperatures in the range 3,500 - .$~500°K. In addition , severa l test runs were

made to confirm the reproducibility of a given test condition . Two series
of tests indicated wave speed reproducibility to better t han 1% which cor-

responds to temperature reproducibility of the test gas to better t han about

lOO°PZ for the temperature range of interest. Furthermore , several tests were

9 
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next conducted with and without the addition of copper aerosol to the test
gas. The results of these tests confirmed that the observed signals were di-
rectly attributable to the presence of the copper. Moreover, these data
showed a good signal. to-noise ratio , and a uni form rad iat ion history over the
test interval of about 300 

1~
secs from reflected-shock arrival.

During t he initial data acquisition experiments , occas ional dis-

crepancies were observed in the temporal profiles of the radiance of the
Sl0t~A and 5l53~ atomic copper lines from the transition probability diagnostics.

Because a differential background could give rise to such an effect , it was

considered mandatory to measure the background rad iat ion between the two copper
l ines of interest.

V In view of the unavaila b ilit y of suitable narrow—bandpass filters for

this purpose * t he optical system was mod i fi ed so a’ to incorporate a 3 ~$ — r n e t e r
.larre l V\51t spect rometer into the opt i ca l  di agnost ics . i’his instrument was

equipped with a (~t u t  lines V mm grat ing h li :ed tot- 5000-\ result i ug in a linear

dispersion of 211 V\ V!mtn in f i r s t  order.

Approximately 50% of the radiation from the shock—heated gas used
for the transition probability measurements was deflected by a beamsplitter
and suitably imaged onto the entrance slit (501u.m) of the spectrometer. A
mask , with a slit 1 mm x 10 mm, was located at the exit plane of the spec-
trometer and the radiation passing through this slit was monitored by a
Dumont 1(2190 photomultiplier. The hollow-cathode copper lamp was used , first
to identify the copper atomic lines , and secondly , to set t he grating of the
spectrometer so that the exit slit and photomultiplier could view either the
SlO~~\ or the SlS3~ copper lines ,or any background radiation centered at 513O~.

Severa l runs were performed to provide a relative calibrat ion of

the spectrometer system with respect to the radiometer systems used for the

transition probability measurements. The output of the spectrometer system
was c ompared with the radiometers by adJusting the grating to view the S l O - *.V\

and 5153g lines in sequential runs. Finally, the grat ing was adjusted to

10 

1 1
~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 



~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~V V ~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 

-

view any background radiation between the lines in the region centered at
The results of these complementary experiments indicated that the

background radiation contributed, typically, about 20% to the radiation 
V

measured for the Sl53~ line, and about 1% to that for the 5l0(~:\ line .

The final relative transition probability measurements (Ar/Cu) were per-
formed at reflected-shock gas temperatures ranging from 4~000 to 4~Q7o

0
1(, at a

pressure of about 32 atm. The measured relative intensities of the 5106A and 5l53~
copper lines were corrected for the effects of back ground radiat ion. Further-
more, the ratio of the intensities measured by the opacity monitor system
were about 2 to 1 for the reflecting and nonreflecting walls respectively,
indicat ing optically thin conditions for the transition probability line-radi-
ation measurements. These results are descr ibed in Section 5 .2 .  Similar two-
channe l radiometer data were also obtained . under non-thin condit ions~ during

the line-width measurements . These data are discussed in Section 5.3.

\

11
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SECTION IV
PRESSURE-BROADENED LINE WIDTh MEASUREMENTS

4.1 SCANNING SPECTROMETER

The primary requirement for the line-broadening measurements is the
achievement of the spectral line scan within the available shock tube test time ,
and its routine and reliable synchronization with shock tube operation.

The basic diagnostic instrument for the line-width measurements was 
V

a 3/4-meter Jarell Ash spectrometer whose post-focal plane optics incorporated
a specially designed scanning mirror arrangement which swept a magnified image
of the spectral line across a narrow scan slit located in front of a photo-
multiplier detector.

The spectrometer was equipped with a 1200 lines/mm grating blazed for
7500A with the Cu lines observed in third order. The measured linear dispersion
at the spectrometer focal plane was 3A/ mm in third order. The spectral line at
the spectrometer focal P1~ine was imaged onto the scan slit by means of the op- —

t ica l scan system. The scan optics afforded a two-fold magnification of the
spectrometer slit image and comprised a lens and the impulsively driven scan 

V

mi rror.

The scan mirror arrangement is shown schematically in Figure 2. The
14 x 19 rmn front-surface mi rror is cemented (epoxy) onto a shaft whose ends
are mounted in jeweller ball bearings to ensure that the mirror spins freely.
The mirror is initially rotated so that its back surface rests against a

hairpin-shaped thruster wire which is connected to a storage capacitor. An

ignitron circuit initiates the capacitor discharge , thereby ohmicall~- heating
the thruster wire wh ich elongates and effects an impulsive rotation of the scan
mirror. Synchroni-zation with shock tube operation is precisely controlled by

means of an ignitron-tri gger signal obtained from one of the shock velocity

measuring stations on the shock tube (Fig. 1) , and a variable time delay unit.

12
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The opacity monitor and transition probability radiometer diagnostics

were also employed during the line—width experiments. ho wever , the ~~~~ and

5153A line radiometeri~ measurements were’ more q u a l i t a t i v e  in this case in that
no background ( 5130A) line radiation measurements were obtained. The 5130V -\

line radiation measurements performed during the transit ion prob ability cx-

periments employed the same 3/4-meter spectrometer used now for the l ine-profile

measurements. In addition to monitoring the re l ative radiances of the Sl0t~\

and 5l53A copper lines , however , the radiometer measurements further afforded

important information on tes t  time duration , uni formity of t e s t  flow and con-

firmation of the synchronization of the Cu line scan within the test interval.

4.2 LINE-WIDTh MEASUREMENTS

Prof ile-scan measurements of the S1tH~A coppe r l ine were performed at

two values of the re flected—s hock test gas pressure , using both N , and a i r  as
V the Cu-aerosol carrier gas . The pressure levels for each carrier gas case

permitted comparison of the line shape measurements corresponding to a twofold

increase in the test gas presS~ ire.

Pre l iminar~ system checkout experiments using N .,, as the aerosol carrier

gas have been reported previously . These exper iments  were  performed at a i-c-

flected- shock temperature of about 5, 800°K , and at N V , — C U  aerosol pn’s~~ires of

3t and t ) atm. However , the initial experiments were compromised by the poor

condition of the jaws of the spectrometer entrance slit. V•\S a consequence , the

entrance slit was too wide and resulted in the measured I inc width for the 3~ atm

case corresponding c lose ly  with the instrument slit function for monochromatic
irradiation of the optical system. Since the signal-to-noi se levels in the
scan records were entirely adequate . it was possible to regrind the entrance
sl it jaws so as to effect imp rovement in the instrument funct ion. This was

accomplished prior to the performance of repeat experiments in N ,, and the

experiments using air as the aerosol-cart-icr gas.

5. Boyer , D.W ., Russo , A .L. and Wurster, W.I1., Transition Probability and
Pressure Broadening Parameters of Copper Atomic Lines , Interim Progress
Report , 1 January 1977 - 15 February l9~

’.
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A hollow-cathode copper lamp was used to adjust the spectrometer
gi-at ing t o  vie w the copper lines in the spectral t -g i ott of interest in th i rd

order. VV\ nat- i-ow - hand ~~~~~~~~~ filter was th~’n employed to identify the

3 l0t~\ Cu line and to pe m i t  its suitable pos it ion i ng in the spec t romet er toc:i 1

V p lane . A Polaroid photograph of the Cu at omic  ii ties with and without the 5 l0t~A

filter in the optical system i s  shown in Fi gure 3. As noted , t he measured linear
0

dispe rs ~on at t he spectromete r  focal plane w as  3A nnn . corresponding to 1. 5k/mm
at the scan slit.

The spectrometer entrance slit width was selecte~i on the basis of

initial line-scan measurement s of a mercury line. The spectromete r entrance

slit was illuminated with a mercury “Penray” lamp source and spectral scans of

the 546l~ Hg green line were recorded as a function of entrance slit width.

Vflu.s hal i_ height w i d t h s  (. j’ ) of the Hg line scan profiles wet-c pl ot ted as a

function of enti-ance slit width , and the slit width selected for the shock tube

experiments was the minimum width for linea r var at ion of slit width w i t h  ha l f -

hei ght line wid th  on the ahove plot . The entrance slit width used t~as 0. 114 mm

and the scan slit width tb-as 0. ~)35 mm. The corresponding instrument slit funct b i t

measured for the spectrometer and scanner system was ~\ 0.  l 7 V -\ .

The test gas seeding with copper aerosol was accomplished in the
manner described in Sect ion 

~~~~~~~~ Following the explosion of the copper wire
in the aerosol chamber in 1 atm pressure of carr ier  gas , t he aerosol chamber
pressure was m c i-eased wi th additional carrier gas to c i thei’ 40 ps i g or 100
psig, prior to admitting the contents to the driven section of the shock tube.
The same H~ dri ver-gas to di- ive it—g as pressure ratio was employed throughout the

V line-width measurement tests.

Scans of the 510~A copper atomic line were recorded at the following

reflected-shock test conditions :

With N , as aerosol carrier gas ,

T = 5,830°K . P = 35. 7 atm , ~ ~~4.5 x io
19 

cm 3

T = 59b0°K , P = 0.0 atm , ~ 9 x io 19

With air as aerosol carrier gas ,

1 = -~r5°K . P = 45.8 atm , ~ 6,5 x 1019

-r = 4,970°K , P = 90.3 atm. ,~~~ ~ 1.3 ~
15
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MEASURED LINEAR DISPERSION = 3A/MM

Figure 3. THIRD-ORDER SPECTRUM OF COPPER ATOMIC LINES.
(HOLLOW-CATHODE COPPER LAMP SOURCE)
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FXP ERIM F NTAL RESIILl’S ANP Di SCU SS IO N

5. 1 THEORY USFU FOR DATA REDUCTION

5,1 .1 Intens Ity of Line Radlat ion and Relat lye intensi t ies in th~Thin-Line-Limit

For any volume of gas , the total rad (at Ion rate from the surface per

unit area and pet- unit solid angle for a given spectral line is called the

line rad lance:

~l 1

whe re — spectra l 1 inc radiance (1 - e~
4

~~”
) 1 N~~ is the hi ;tck-hodv

V spect ral radiance , and k~\\ is the spectral absorp t ion coefficient • whose half -

w idth at half-he ight is ~ \ .  L- is th~ opt Ical path length. u. £
where n i s the itumber dens ltv of rad I at lug atoms, n~ is the l~oschm I dt number

(n —
, 

- ~ S; x l0~~ cm 3( and I is the path length. Al tern a te ly  (
~\ i’re’~se~1

N, = N4~~ A/ .

~ I -

where W . e q u i v a l e n t  w i d t h  of line ( i  -

~~~ 
) S~X ( V ~~1

The Import ant parameters for describing the l ine rad iance are the

l ine strength S

S 
~ 

k~~~~~~~~ dV \ ( 4 1

and the opt teal path lengt It u. The product Su is related to the number den -

sity of radiators ~~~ , the energy of the lowet’ state i l~~ , the degeneracy
of the uppe t’ sta te  (g

~1
) and the 11 fet inc t’o r the t vans it ion ~A ‘~ by

.
~

~ 3 ~ ‘7 .
‘ DO ‘~~ ~ ,, F~ 
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With 1 in cm, X. in cm and A in sec~~
1, this constant (f~ 

3V 5 7~~~~so
7

~~~~~~~~~~

)

gives Su in cm . Q(T) is  the elect ronic part it ion tunct ion and ‘I’ is the tem—

perature I °K) , For the two lines of i lit t’rest in t he 
~ 

ri,”~ent work , the cue i.g~

level  diagram is shown in Figure 4 . The relevant constants a i-c g ive n in

I’ab It’ 1

TABLE 1

Constants for >~SlO 5.54 and 5153.24 Copper Lines

~(R) 
~L

(cm
~~
) 

EL
(o
~
) 

g A  (sec 1)

5105.54 11202.565 lbl00 0.079 x 10~ From i9~0 review 1
8 data of Ref. 

~~,

5 153.24 30535 .302 43900 2 .45  x 10 as c i ted in Ref. ‘J

Va lues of the partition function can easily be calculat ed from the relation

-

~~

giving

Q(4 ,000°K) = 2 . 141 ‘ Q(~0OO~~ — 2 . 5 7 7

Thin Gas Approximation

If the value of k(~~)ti is small compared with unity, the expression

for the effective width of the line becomes

W
J {f

_ ( I _ ÷ ± A A\ u ~~~~_ V V ) J~~~~~
X ~ 5k ~u~\ 5u, (~~ 

V

6. Corliss , C.II. A Review of Oscillator Strengths for Lines of Cu l .
Journal of Research-A. Physics and Chemistry , ‘4A, No. ~~ , 81 ,
(1970).

~~~
. Bader , Jon B. , Time-Resolved Absolu te Intensity Measurements of the

5106 Angstrom Copper Atomic Spectra l Line in the AFFDL RENT Facili t y ,
AFFDL Technical Report TR-75-33 , June 19 ’S.
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Figure 4.RELEVANT ENERGY LEVELS IN COPPER
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In this limit the lifet ime of the state can be evaluated directly from a
measurement of the line radiance N. and the relat ion between Su and A , inde-

pendent of the broadening of the spectral lines. Also , in this limi t, the
ratios of the radiance of two lines is independent of the concentration of
e ither the radiat ing gas or the carrier gas. Considering equation (2) for

two spectra l lines A and B (such as \5106 and X~ 5153) ,  t he ratio of the
rad iance is

V 

P W A
1’1 w~ 

()

In the thin-gas limit (eqn. 6) this becomes

= 
_ _ _ _  ~~~

° 

~~~ ~~ 
- (E~ - E18)/4.7.. 

~ 
) (E ~~

-E
~ 6~~T

8 tsJ (Sw..) N~ (7~,)l\ \+ (8)

which is a very great simplification over the more genera l e~1uat ion (~~~~~~
.

5.1.2 Ef fect of Doppler Broadening

For an optically thin h r.., a simple  re ’at ion can be written for

the line half-width in the extreme cases where the wid th is controlled by

either the Doppler effect , the Stark effect, or by t he effect of collisions.

For the case where the Doppler effect alone is import ant , the line half width
is given by

,~ , (9)

where ‘

~~~~ is half of the width of the line at half height , A i s  the wavelengt h
ot ’ the line ce nter, and V 1 is tiit ’ t emperature of the ~as ( °K) . M i s  t he moleeti l at’

wei ght . 14 the gas constant (8. 3 x 10 erg/mo l °K) and c the speed of li ght

(3 x 10
10 cm/sect. Using M - 63.6 for Cu and ) —  5125g (an average value

for X Slot and >s,5l53), this becomes

20 

V
V 

-~~~~ 
-
~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V -



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
V~~~ V~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~

V 
_ 

~~~~~~~~~~~~~~~

a4. — ~~~3 x i o  f~
For t he temperatures and pressures in the shock tube experiments
I , 000 °K , 40—80 a tm)  , the Dopp let -  hal I w i dt It I s much sidaller than the observed
hal t~ width (0,01 (~~V\ compa rod w i t  It -~~~ 0. 25A ’I . ilitis the effect of Itopp Icr bro.t~loit I

can safe I he ignoreti in the .in:i l vs  i’. of t l t t ’ data -

5.1.3 Effect of Stark Broadening

The Stark broaden ing of the spectral lines is caused by co l l is ions

w ith free electron s , and thus the semi half width is proport ional to the
number density of electrons

•:i = C s - -n ,

where the broadening constant C 5 typical ly  varies from I to 4 X~io 1 cm ’.

111115 for e lec t ron densiti es less than 10 cm - broadening would ho s m t l  1 ¼ V O I 1~
0

pared w i t  Ii the oh so i-vcd ha It ’ w i dt Ii o t’ ~ . .~ ~~ V \  - For t he ‘c cond i t t  on~’ c on’ ~ ide i-ed

here , the elec t ron densities from both the carrier gas and the Cu vapor  arc

below th is level .(In the extreme case , air at 4,9 0°K and 90 atm pressure ,

ni tric oxide tonizes easily , and the number density of electrons is

1.2 x 1015 elec /cm3). From these considerations Stark broadening effects

can be ignored in reduc ing the present data .

4 5.1.4 Effect of Collision Broadening

A re lat ion for the collision broadened semi-half width of an optical ly

- J thin spectra l line can be wri t ten

j
. 

(I1
~

V where n . is ‘he number densit~- ot’ coll iding molecules (i), and ~~V~~~~~~~j ç  the

semi half width at reference conditIons 1’ , ii , P , which are taken as

st andard temperature and densi ty  and i~ressure . is a quantit y which must

21
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be determ ined experimentally, and which in genera l depends on the colliding
partner(i), s ince the collisional line broadening depends on the forces be-
tween the radiat ing molecule and the colliding molecule. It is the purpose
of the present experimental work to determine 10. 

for i = N 2 and i - air ,
for each of the lines X SlOt and \ 5153 of Cu. 1

Al though a comple te expression for 1,,, cannot he ~lcr I ved without a
know ledge of the intermo l ular pot cut I a I I iwo I ved , l.orent ~ obt a i ned a ye I at ion
in terms of a hard—spher e model of interact ion w I th an opt i t’a 1 c o l l i s i o n  Ui am-
meter ” . . The ftil 1 line width at half height , z ~~~~

‘ 
~~~~~~ 

(~~~~ 
ma’- be

written in terms of’ the mean free 1)8t h . I . and t he average part i ci e ye b e  I
-u_ , as

,~~~~~_ )‘
_ ~~ - ~~~ r~.&-i-- ~~- o  — - -- - - , _ .~ ,O

C -

-
: After cubst i tnt ion and rearranging , may be wr  i t ten as 

V

f~ \

L ?~~
o~ ~~

.
J

V7T ~C ( 

-,
where >~ , and O~ are measured i n cm , ~ 3 x IO~~ cm/sec . 14 = S . 314 x 10
ergs/°K mole and is the molecu lar weight of’ the reduced mass of ’ the tad iat  lug
and call iding molecules . For Cu — N~ coi l  is ions (and approximately , Cu V~~I r)
t1~ — l~

).4 gms/mole , and for >.~ 5 .1 x lO 5 cm this becomes

~ ~~ 
- 6-  

~ ~ io~~
’
/~ ~~~~~~~ ( I  ~

Previousl y reported 8 values for fo r Cu in N, are of order 5g , so t hat the
pressure broadened lines could be expected to have a value of ~ of about

~ O.0 2~~. For test conditions of “() atm pressure and a teml?erature of
6,000°K, this would result in a line half w idth of ‘

~
‘ 0. s~, which is the

order of the observed widths.

8. Ovechkj n , G .V and Sandrigailo , I .E .  L ine Broadening and Shift in anArc for Low Copper Contents , J. Applied Spectroscopv (USSR) , 10, 565 ,April 1 969. —
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Inspec tion of the antic ipated l ine widths from each of these sources

shows clearly that the measured broadening can be related solely to collisional

effects. Accordingly the data were reduced with this interpretation , and were

ut ilized to determine Y1,

5 .l.~ Line Shift

As a result of coil i sions , the coppe i- lines are not only broadened hut

a i-c also shi fted in wavelength. Liudho 1m~~~ has ama lysed the ma gui tude of the
hroadeninlZ and the sh i ft to be expected from a co l l is ional  I i t t  c’ i-act ion potent ii i
of the form

~~~~~~~~~~~~~ 

.

• 271~~~~~~

where C.~ is the interaction constant , ~~ is the distance to the perturhing
particle and ,- characterizes the type 01’ interaction . Perturbation by neutra l

part ic les is due to van der Waal f orces and corresponds to ‘~~~~ 
= 

~~~. For a

van der Waal ty pe of potent ia l , Lindholm~~ oI,tained

~~~ ~~ ~~~~ ~~
2 è’ ~~~~ ‘~~~~

- £6 ~L - -~~~~~~~- -z

wh ere zi is the full half-width of the spectral line , and is the shi ft of

the line center. ~~ is the collisional velocity, ~~~~~ , the number density of

coll iding molecules and C is the speed of light . The dimensions of C6 are

then cm6/sec.

An equation relating C~ to the measured 1 inc width and gas temperature

and number density can he obtained by using the rel ation for the average velocity

(s ’Rr)

’
~~~

so that

r —  ~~ 
\
0¾7

,RT%~ 0,,~

4—tr C 
~

~~~~Lindholrn, I,., Arkiv Mat., Astr ., Fvs., 28B , No. 3 ( l ~ ) V 1 l ) .
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Thus the Lindholm theory predicts a temperature dependence for ( of T~~ ~ rat her
than T(LS , as given by Lorentz (equation 11) . Of special interest in the Lindholm

theory is the fact that a fixed value is predicted for the ratio of the full line

half width to line shift . For the ~~~ potent ial this is

2.1 8.tb
= 2-8 (13 )
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5. l.~ Thick-Gas Effects for Collision-Broadened Lines; Intensity Ratios

For a coll ision-broadened line the shape of the absorption coefficient

curve is known , viz

~~~~~~ S1~ —- 2. i. (14)
-iT- (X- >~) -s-~~

so that equation (3) can be integrated to obtain W as a function of Su and

~~~~~~~
. and tabulated results are available. Various analytic relations have

been suggested to fit the tabulated results with various degrees of accuracy
and c omplexit~~ ° A relatively simple relation that is accurate within 10% is

Su~
V ~AI - 

~ç~ o asS~ (15)

o~ SS~- . . -The parameter X~ ~

. — describes the optical thickness , and

t he gas is optically thin if X(<.I . Equat ion (l5) can then be used in equation

(2) to describe the line radiance of a collision-broadened optically thick

line. Using equations (2) and (15) an expression can be obtained for the

rat io of the radiance of two spectral lines A and B:

/ ,bzc54 _~
- 

N: (S~&.)A 
~~~~~~~ ~~ . ~

“
~A ~A LE~I~I I (16)

- 

tsJ ~ ($ 
~~ 

j  ÷ N~ (S ~~ 
I

Comparing this expression with equation (8) for a thin gas , we see

(

~~~~~

)

~~~

,N 
_ _ _ _  

— (17)

10. Ludwig, C. B., Malkmus , W. ,  Reardon , J.E. and Thomson , J.A . Handbook of
Infrared Radiation From Combustion Gases. NASA SP-3080 , (1973) .
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Thus a line which is strong (Su large) and narrow 
~ ‘y~ small) compared with

a second line will be weakened (relative to the second line) by thick-gas
effects.

From equations (5) and (11) it is seen that the optical thickness
parameter can be evaluated , for £ , i’.. and ‘

~~ in cm , as 
~~1/4

-p-

— 
o-z~~S~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~>( 

~ 
(18)

5.l.~ Effects of Finite Slit Width on Measured Line Width

The radiation received at a given wavelength setting of the spec-
t rometer depends not only on the radiation emitted by the gas at that wave-
length, namely

= )
but also on the slit function of the spectrometer , 7(~~,X~), which represents
the fraction of radiation of wavelength )‘~ that is transmitted by the spec-
t rometer when the latter is set at wavelength ~ . Then the radiation observed
at wavelength ~ is

- k(>~~.
Nx 065 f ( > ’)~4~

or

0 
ç 5 o-(x >~’)€.

N “ 4 — —

065 

~ 
o—(A ,x’) oCX’

~ILL_4 
_  _ _- 

VV ~~ V ~~~~~~~~~~~ -~



These integrals have been evaluat ed numerically in Reference (11)

for pressure-broadened line shapes k(1\) (Eqn . (14)), and Gauss-funct ion slit
shapes ~

( X ,  X ) .  If ~~ is taken as the half-width at half-height of the
slit function, the relation between the observed line half width ( ~~ 5)

V and the true line half width (s’ ) has been determined as a function of S).. for
-

the case of .e_. - 0.7, or k( \)u = 0.36. This would correspond to a

V line that is close to optically thin (0.7 ~ l- .36). The results are shown

in Figure 5 , adapted from Figure 1 of Reference 11, and will be used in the
discussion of measured line widths in Section 5.3.

5.2 RELATIVE TRANSITION PROBABILITY OF THE 5l06~ AND 5153k COPPER LINES

- 
- Representative tracing of oscilloscope records of the output of the

opacity monitor during the relative transition probability measurements are

shown in Figure 6. The output signals from the two channels viewing the

Sl 0t~A copper line are seen to be essentially the same. Furthermore, the

signal levels for the reflecting wall (Fig. 6(b)) and non reflecting wall

(Fig. 6(a)) are seen to be in the ratio of about 2 to 1. This ratio is con-

sistent with the performance of the relative transition probability measure-
ments under optically thin conditions (SectIon 3. 1) . The relative t ransit ion

probah i 1 1 tv measuremen t s were performed using 0.005 in. diameter copper ‘. i i.e.

Initial i. ire lengths of about 20 mm were investigated , the w i re  lengths then

being progressively reduced to the order 2-S mm in subsequent t e s t s  until the

opac ity— nxinitor s i g n a l  levels attained the desired rati o ind icat ive of opt ica l

thinness

Typical data records of the output of the transition probability

radiometers are illustrated in Figure 7. it is noted that , except for the

first loo psec of the 5153A radiation channel , the copper line intensity

levels are essentially constant . These data , together with measured correc-

tions for background radiation levels , there fore enabled consistent and un-

ambiguous relat ive line-intensity values to be obtained.

11. Kost kowski , H.J. and Bass , A.M . Slit Function Effects in the Direct
Measurement of Absorption Line Half-Widths and Intensities. J. Opt.
Soc . Am. , 46, 1060 , December 1956.
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Figur.6. TYPICAL TRACES FROM THE OPACITY MONITOR VIEWI NG THE 5106A
ATOMIC COPPER LINE
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The difference in the initial (100/Lsec) response evident in the
records of Figure 7 wa~ examined further in a dedicated series of runs . The

initial behavior was examined by arranging for both radiometer optical systems

to view the 5106A line s imultaneously , and subsequently the 5 153A line, in

several repeat experiments. In all cases , the radiation intensity records ,

in each run , were essentially identical. This corroborated the separate

optical-bench calibration of tile instrument in that the time response and

sensitivit y of each radiometer channe l was the same . However , the diffe rence
in the initial response of each radiometer channel remained as illustrated in

Figure 7.

Further explanation of this phenomenon was not pursued because this

initial behavior did not compromise t he useful data . It is also noted that

similar behavior was also observed i n the radiome ter ins trume nt records ob-

tam ed during the line-width measurements to he discussed (e.g. Figure 14) -

A slight increase in line-radiation intensity is evident in the

radiometer records of Figure 7. This increase may be associated with a vari-

ation in concentration of copper atoms or a temperature variation , or both.
If this variation is interpreted in terms of atomic copper concentration , the

optically thin requirement for these tests is not violated and the relative

* intensity ratio remains constant. On the other hand , if it is assumed that all

of the variation is due to temperature change , the temperature variation can

be estimated , s ince the radiation intensity near 5000A varies approximately

wit h the 7th power of the temperature . Such estimates have been made and the
uncerta inty in temperature lies wel l  within the tem perature uncertainty

indicated below for the final results . Actually, it appears that bot h effects

may ex ist as evidenced by the near parallelism of the oscilloscope traces. 

•~~~ • ..
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The results of a l l  of the measurements for the relative intensity

of the 5106 and SIS3~ copper lines were corrected for backgroun d radiation

and normalized to a temperature of 4,000°K. The actual shocked-gas temperatures

ranged from 4,000 to 4,070°K. The data are shown in Figure 8, together with
val ues taken from the literature .7 The vertical bar indicates the scatter in

the normalized radiat ion-ratio data. The horizontal bar indicates the uncer-

t a i n t y  in t he calculated shock-gas temperature due to wave speed round-off ,

extrapo lat ed wave speed attenuation , and computat ional input data. As can

- 

- 

be seen , t he- present data lie between the va lues  of Kock and Richter~~ and

Corl iss and Rozman. 
l~ The t hin-line temperature dependence of the relat ive

intensit ies of these two lines , as given by equation (8) , is  shown by the

dashed curve, wi th  the constant~~~~~~~ f itted to the experimental determina-
- . -t ion at 4000 K. Thi s ratio is

~~, +

The dashed curve thus represents the suggested curve to he used in deduc ing
gas temperatures from the measured ratio of intensities of these two lines ,

based on the present measurements. For compar ison , the values of g A  given

for these transitions in Section 5.1 .1 , Table I yield a rat io

=

The data shown near 900°K were taken during the line-width measure-

V 
ments and are discussed in Section 5.3. They fall very close to the dashed
curve , but may be influenced by thick-gas effects as discussed in Section 5 ,3. 1.

12. Koc k , M. and R ichter , .1., Ex perimental Transition Probabilities and the
Solar Abundance of Copper , e lts c hrift Fur Astrop hy s i k , .9 , 180 ,
(1968) .

13. Corllss , C.II. and Bozman , W . R , Exper imental Trans it ion Probab i lities
for Spectral Lines of Seventy Elements , NBS Monograph 53 , (l9t2).
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5.  3 1.1 NI l i~ 11 )111 Mi~AStlRI MI NV l~

As noted in ~ec t ion 1 , the requirement for the line width measurements
0 0

included the determination of the broadening paramete is for the 5l0~A and 5153A

i i  tICS wider con~l it ions of co i l  is iona 1 and Stark broadening. I (Ol\’C y e t - , all of

these measurement object ives could not be achieved. As wi l l  be evident from

the disc u s s ions to follow , unant i ci pated phenomena we re encountered d,ii-i ng
V the course of the experiments and the scope of the measurements necessari ly

ref lected some 1~rio1-it~ reassess ment . Consequently the l i ne— w id th  measurements
we re p(~rformed only on tile S it) 1A copper lin e , un der cond it ions where pressure
broadening was the dominant mechanism.

An additional requirement in the l ine—w idth  measurenient s was that

primary emphas is be given to a copper loading corresponding to a 0. l~o cont am—

m a t  ion leve l . However , in view of the small fract ion ( -~~~ 5*~~) of tile to ta l

coppe r vapor i :ed that can be expected to be made ava ii able in the tes t gas ,

such a copper loading was not attainable. File aerosol chamber was  t iever the—

less prepared w itil a maximum ava i lable copper loading, corresponding to a

0.9 in . length of 0.010 in. diameter copper wire . Owing to the apparent i ndi —

.-a t ions of the opac i ty monitor data to he discussed , t he present under—opt i mum

copper loading in the test gas , nevertheless , was not consistent w ith the per—

to rmaiice of the 11 i ie—widt h measurements under th in line conditions .

An i l lustrative time— integrated spectrum (Polaro id film) of the re -

f lected shock region wit h N , as aerosol carrier gas is shown in ligure 9. The

pressure broadened S lO (A copper line i s contrasted clean w i t h  the spectrum
V from the hollow-cathode copper source. The less-intense S lSSA line is also

evident although i ts  clari ty in definition has been somewhat compromised in the

photograph reproduction.

As noted , t he line-width measurements were performed using both N,

and air as the Cu-aerosol carrier gases and at pressure levels , in each case ,

wh ich differed by about a factor of two . In order to ensure valid compari-

sons of the line-profile scan data obtained in separate experiments , it was

3-I
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t herefore essential that the operation of the scanning spectrometer be con-

sistent and repeatable. Any variation in scan-mirror speed from run to run ,

for example , would directly affect the apparent measured width of the spectral

line.

In order to monitor the operation of the scan mirror system , a
lie-Ne laser source was employed with the laser light reflected from a section

V 

of the scan mirror. The reflected laser beam was then directed to scan

across a grid rul ing located in front of a photomultiplier. The photomultiplier

V output , as a mirror-speed fiducial trace , was displayed on both the spectrometer

scan and the radiometer records. The former enabled verification of constancy

of scan speed from run to run, and t he latter permitted temporal identifica-

tion of the line scan within the test-time interval. Excellent repeatability

of scanner operation was corroborated in the experiments.

On t he basis of the instrument function measurements performed using 
V

V 

the Hg 54Mg line, and the measured slit sizes of the spectrometer (Section 
V

4.2 ) ,  the present Cu line-scan measurements , referred to t i-ic oscilloscope

t-ecords (e.g. Figures 10 , 13) were recorded at 3 - l  x 10 — 
VV\/  sec.  Pr ior  to

0

each t e s t , a scan of the Hg green ~S-I~ lA) 1 inc was routinely recorded as a

check on tut i i-rot’ scan speed and tile measured ha I f i~ i 1ith at hal f— l ie i ght of the

IIt ~ I ifle .

5.3.1 N, As Carr ier Gas

Spectral scans of the 5106g copper line are shown in Figure 10.
These dat a were obtained at reflected shock pressures of 35.7 and 70.0 atm. ,
at a reflected shock temperature of about S~900°K.

The output of the two-channel radiometer monitoring the 5106g and
copper line radiations is shown in Figure 11 for the 35.7 atm. run con-

dition. The test period immediately following the arrival of the reflected V

shoc k in Figure 11 is seen to be sensibly uniform for a period of about 150

~~secs. In addition , reference to t he corresponding fiducial traces in

‘-V

- V — 
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Figures 10(a) and 11(a) shows that the line profile scans were performed , as V

desired , in the middle of the uniform test-time interval. The rat io of these

measured intensities is plotted in Figure 8 , and is discussed later in this

section .

i’he measu t -ed hal f—height 1 m e  half widths Y , co r ie-~pondi ng to  the
0 0 0

5l 0t~A line scan records of Figure 10 are 0 .2 ± .0~IA and ~1~ 3 ~.(i.I -~ for the —

35. and 0 at mosphere pressure conditi ons respect ivelv - lo correct these

measured values for the effect of tinit e slit width reference is made to the

s l i t  width measurements described in Section 4.2. The effective half w idth

at half height of the slit function of the spectrometer was measured to he

From the discussion of Section 5 . 1 .T ’  and the graph of Figure 5 the measured

values of the half widths at half height can then be corrected as given in

Table 2. V
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TABLE 2

Slit W idth Correction for Measured )~,,5l06 Line Half Widt hs

T(°K) P(atm) 
~
‘
corrected fT7~

5~830 35.7 0 . 2  ~.04 0.18 - o f  ~~ ‘3 0.023

5~ 60 70.0 0 .3 7 ± 04 0.30 ± 0(, 15.0 0.02()

The second last column gives the value of the parameter which scales the half-

w idth and the last column gives the STP re ference half width at half height
(see equation 11). Using a value of ‘4. = 0.J2IA , this results in an optical

collision diameter (equation 12) of

H
The values in Table 2 can he compared with the data of Re ference 8. In

V 

that reference (Table 2) the value of ~~~ = 2~’ = 0.020A is given for tes t  con-
V 

ditions of 6000°K and 1 atmosphere of N , Pressure . (The value for  2 Y  g i ven in

Table 1 of Re ference 8 is believed to be a typographical error.) According to

equat ion 11 ,the corresponding value for 1 atm pressure that would he inferred
from the data given here at 59o0 °K and 70 atm is 2 x 1/70 of 0. 30A , or

2~
’ = 0.O086A

which is about 2 .5 time s less than the value indicated in Re ference S. If both

results are taken at face value , this would throw serious doubt on the abi l ity

to scale line w idth directly with pressure over this large pressure range . \
0

comparison of the Reference 8 value of 0.020V-\ .it 1 atm and the present value of
O.60A at 70 atm would indicate a l~ressure scaling of

-
~~ The output signals from the opacity monitor viewing the 5 lO~~

co pper line at the N2 run condition of 35. ’ at m. pressure are shown in
Figure 12. The channel gains are identical and th e photod iode detector
res ponse to a doubl e-transit of the shoc k tube diam eter (reflecting wal l)

40

V - - ~~ V —~
--

~-- _ —~~~-- 
~~~~~~ V -- ~~~~~~~~~~~~~~~~~~~ - 

_~ ~



V VV V_ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V ___

TIME

~~~~~~~ ~

-

~~~

-- 50 ~ SEC

REFLECTING
5106A WALL
LINE

RADIATION

5O mV NONV REFLECT ING
5O mV/DIV L 

WALL

T = 5830’-’K , P = 35. 7 ATM

Figure 12 . OUTPUT OF THE OPACITY MONITOR V IEWING THE 5106A Cu LINE.
N2 C A R R I E R  GAS 

- -- 
—- V —

- V  
~V_VVV~V_ V VV~

___ -— -V V V V V  ___ V~~~_ VVV~VVV~~~V•~~~~~ • _ __V~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ V V~~ V_ ~~~~~~~~



r

~~~~~~~~~~~~~~

VV

~~~~~

V ;V

~~~

V V ~ V-V V V~~~_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

is seen to excee d the signal for the photodiode viewing the non-reflecting
wall. The ratio of the reflecting to non-reflecting wall signal levels in

this case is 1.3 , whereas for the optically thin conditi on , the ratio is

calculated to be about 1.85 (e.g., Figure 6). The opacity monitor data for

the higher pressure l~0 atm.) condition were similar to those in Figure 12 ,

with a signal level ratio of 1.5 at the sl ightl y higher (by l30°K) tempera-

ture condition . Thus from these results it appears that the siooX copper
l ine scans were performed under non-thin l ine radiation conditions.

V The relative intensities of the and 5153g copper lines ob-

tained from the two-channel radiometer measurements performed during the
line-width experiments have also been included in Figure 8 for each of the

test conditions in N
2
. As noted previously , no corrections for background

radiation levels have been made in these data because of the commitment of

the 3/4-meter spectrometer to the line-scan measurements. If a correction

were made similar to that used for the 4,000°K data, the ratio would be re-

duced about 20%, and this type of correction is indicated in Figure 8.

The data are nevertheless seen to locate closely to the curve through

the thin-gas data obtained at 4,000°K. The dashed curve is one presc ri bed

by the calculated temperature dependence (Eqn. (8)) ~f the 5l53 /Sl0t~ line

relative intensity ratio under optically thin conditions , as noted in

Secti on 5. 2

To evaluate the effect of optical thickness on these two apparently

contradictory results, it is necessary to know the l ine strengths , the line

widths , and the copper concentration, as illustrated in equations (15),

(F) and (18) of Section 5.l.(~ Using the values for line strengths

quoted in Section 5.1.1 , the line width for XSlOo measured herein

C Yc = 0.02-lA) and a line width for ).~5lS3 
~

‘

~~~

= O.05g (Reference S gives

a ratio of 2.5 for the two lines) the effect of optical thickness can be

calculated as a function of copper number density.

Using equations (5) and (18), the following Table 3 can be generated 
V

for the two l ines of interest, the nitrogen pressures and temperatures of
V 

the experiments and for pathlengths of one shock-tube diameter (~‘ V 6 2  cm) and

two diameters (15.2 cm).
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I;
TABLE 3

V 

Estimation of Effect of Optical Thickness

V ~~(~ ) T(°K) p(atm) £(cm) Su/n~~~~~

4

~

a 5106 4,000 32 .62 4.84 x 10 0.70 x 10

b 5106 4.000 32 15.2 9.68 x l0~~~ 1.4 x 10 15

—
~~~~ — Fc 5153 4,000 32 .62 1.49 x 10 - ‘ 2.15 x 10 -

d 5153 4000 32 15.2 2.98 x l0~~~ 4.31 x 10 1

-~ 3 -15e 5106 5,830 35~ 7 7 .62  1.43 x 10 — 2.2C’ x 10

f 5106 5,830 35.7 15.2 2.86 x 4.41 x 10~~~
-15g 5106 5,960 0 .62 1.52 x 10 - 1.21 x ~1

h 5106 5960 70 15.2 3.04 x l0~~~ 2.42 x 10 15

V 

i 5153 5,830 35.7 7 .62 1.26 x 10 25 1.94 x l0~~
— ‘5 —Fj 5153 5,830 35.7 15.2 2.52 x 10 - 3.88 x 10
_ 15 -Fk 5153 5,960 70 ‘.62 1.49 x 10 1.18 x 10

V 1 5153 5,960 70 15.2 2 .97  x l0~~ 2.36 x l0 1

The gas can be considered optically thin if X -c ~=. 1 , so that
[I + X — ‘ 1 in equation ( IS). Since n

~ 
is not known , it is not possible to

obtain an accurate evaluation of X , but some idea can be obtained from the
discussion of copper injection in Sectio n 2.2. If the number density for t he
f irst set of experiments (4,000°K) is taken as 1013 

cm
3 , it is clear that

X - ~ -<1 and these test condit ions are optically thin, consistent wit h all the
data. For the secon d set of experiments (5,900°K ) ,  if the number dens ity of
copper is taken as io15 cm 3, all the measurements of A~5106 would be optically

V 

thick (1 .2< X < 4 . 4 )  and those of X5l53 would be thin (X < .04). Thus the

measurement of the rat io of the two lines would be affected by optical-thick-
ness effects.
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For example , t ie  requirement that the opacity monitor measure — l .~
(after corrections for mirror losses) for ~S106 at 70 atm pressure (lines

g and h of Table 3) can be used in equation (17) to evaluate X . Putting
XB X , the value of X for l ine g of Table 3, and = 2X , the value for

l ine h , then
r7~x

I- ,’ i - é  — I —
~~

or X — 1.28 . which corresponds to n cu 1.06 x 10
15 cm 3. Considering the

ratio of intensities to be expected for X5153 and X.5106, thi s same value
V of n can be used in lines g and k. For line g, x = = 1.28. For line

k, X = XA = 0.013 , and

-r H 

V

V Comparin g this ratio wit h-i the departure of the high—temperature datum point

in Figure 8 from the thin-gas curve , tie discrepancy is considerably outside

the limits of experimental error and is in tie wrong direction from the thin-

gas curve. Thus from these results we conclude that the opacity-monitor da t a

and the line-ratio data are inconsistent at high temperatures , and that no
firm conclusion can be drawn concerning the opt ical thickness or the topper

number dens ity for these experiments.

Al so of t i teres t  is the e t fect of th is  st’ I t~ ;ihsorpt ion on the measured

Ii iie wid t h. ‘lh is cai~ he e xam i ned nun~e r i c a t  Iv by us lug these same pa ramet t’ i- -
~

in eq nat ion (1-1 ) to cal cut ate the lin e shape ku . and t hen ca I cut at e the ce I 1--

abso rbe d shape

( 1 - s

for compar ison of half-widths. The net effect is a 30% change in line width

for line g. Thus it is concluded that if the self-absorption ef fects are as high
as indicated by the opacity monitor , the half -widths given in Table 2 would be as

much a~ 30% too large. From all of those considerations , it is felt that the most

likely error is in the measurement s that were made with the opacity monitor.

4-I 
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F inall y , the question of observa ble I inc shif t  in the N , Wit.i was ill-

vest igated. A comparison of t u e positions of’ the S 10t~A line I’ett~eeit th e hol l~’i~—

cathode coppe r lamp and the shock tube source spect ~ in F i gure 9 , for examp le  -

shows no evidence of line shi ft. h owever , the de finition of any iract iona 1

shi ft would be ~erv difficult in this instance because of the lack of sharp-

ness in the shock tube spectrum , due to overexposure , as we I 1 as the low ti i s —

pers ion - the photograph Figure 9) is of a ii rs t —orde r spect ruin , wit h ~~ L~O t V

responding d ispersion o t~ about 9A/nun .

Re t’e relict’ to the scan data of Fl gure 10 , however, shows ía i ri y c 1 cai-

cv i  deiic&’ of a red shi ft of the Si 0n~\ line center bet ~cen the 35. at in and ~() at  Ill

V 
data. t’Ii is observat ion is made on the has is of the  s m a l l  , though evident . chan~t-

in the register between the fiducial signature and the posit  ion corresponding

V to the lin e center in the scan profiles at the two pressure condit ions -

As noted in Sect ion 5 . 3 , the fiducial si gnat ures we re s i nut It a r l t -o u- ~ lv

recorded on the scan i~rofi le data records . their prime purpose is t~ monitor

the constancy o t~ scan mirror speed from run to run , i - e - cons t ant ii ~V IIIc i a 1

spacing. Slight time litter mar occur in the l o c a t i o n  of the fi duci als i~ith

respect to ti-ic grat i cult’ markings on the records from run to run , as t-csu It of

the re Ii ance upon t inc delay units in transferring the scan— in it i at ion s gita 1

from the shock tube heat t ranster gauge s .i gnal . Ilowt- ver , t he ret at i ~
- flo— it

of the I ne profile scan and the fiducial s i gual on the rt- t-ortls is t~ I 
\ ( -a • c I Ice

both a re  effected 1w tiit’ scan ml rror , tin less a shi ft iii the po~ it ion of the Ii l it ’

center occurs .

Fhc measure d shi ft to longer wavelength of the 51 0n\ l i ne  ct’ i it  ci’

the 35. 7 atm to the 70 atm test condition was 0. 1 3A ± .0$A . Thus t he ii tie sh 1 ft

that is inferred for 70 atmospheres is 0.26 ~ .0t~A . In terms of the rat lo

of full w idth at half height 2 
~~

‘ ) to line -center shi ft ( 
~~ ~~

) at tilt’ 7(1 ii II

test condition this corresponds to the value

~~~~~
‘ Ob O r , SZ +

= ____ 

~ 
-
~~ 3 - o-q V

which is c lose to the theoretical value ~f 2 .5 for vaii ~1er l ’a i  I forces given in

equat ion(1~~ titic to t,indho1m~~ - It at so ;tgt-ees w ith tiit’ rat io ,nea-~tire’tI hr
- (8)

Ovechkin and Sandr t gai lo
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5.3.2 Air As Carrier Gas

Spectral scans of the Sl06~ copper l ine in air as the Cu-aerosol

V carrier gas are shown in Figure 13. The data represent the effect of a two-

fold increase in reflected shock pressure , at a temperature of about 5,000°K .

V The two-channel radiometric data corresponding to the 90.3 atm. test

condit ion are shown in Figure 14. The uniform test flow period , lasting about

150 ~ttsecs , is clearly indicated, particularly in the channel monitoring the

5106g line rad iation (F igure 14 ( a ) ) .  Note , however , that the initial response

for the 5153g radiation is similar in the air case to that discussed prev i-

ously for this wavelen gth channel in the rela tive trans ition probab i l it y
measurements (Section 5.2), and shown in Figure 7. Temporal correspondence

of the fiducial traces between Figures 13(b) and 14(a) also shows that the

peak in the spectral scans was well located midway through the test-flow period .

The obv ious f eature in the line spec tral s cans of Figure 13 , howeve r,

is the clear ind ication of an underly ing continuum-like radiation upon which
V the Cu line radiation is superimposed. Apparent broadening of the copper

line is clearly eviden t wi th increase in carr ier gas pres sure , although the

measurements are obviously compromised by the presence of the background
radiation.

Owing to its occurrence in the air spectral scan measurements , the

back ground radiation would appear to be attributable to the presence of 02.
Acc ordingly , a repeat run at the 90.3 atm. test condition was made in

air, without the addition of Cu-aerosol to the shock tube. The spectra l

scan record for this run is shown in Figure 15(a) .  Note that the signal
gains differ by a factor of two between the scan records of Figures 13(b)

and 15(a). The 5106g radiometer channel record for the pure-air cast’ is
also included , Figure 15(b) , and is seen to be very sim i lar to that for the
corresponding case with Cu seeding shown in Figure 14(a), except for the

level of the radiation signal.
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V (a) T - 4975°K , P - 45.8 ATM
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(b) T - 4970°K , P - 90.3 ATM

Figu re 13. SPECTRAL SCANS OF THE 5106A COPPER ATOMIC LINE. AIR AS THE
Cu-AEROSOL CARRIER GAS
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(a) SPECTRAL SCAN
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(bi 5106A RADIOMETER OUTPUT

T -4970°K, P-90.3 ATM

Figure 15, SPECTRAL SCAN AND RADIOMETER RESPONSE FROM REFLECTED
SHOCK REGION IN PURE AIR
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Tracings of the oscilloscope records of the air and air + Cu scan

dat a (Figures 13(b) and 15(a) ) are reproduced in Figure 16 on the same scale

for purposes of comparison. The background signal level is seen to account

for essentially half of the total radiation signal in this case .

In seeking possible sources of radiation from shock-heated air , it

was considered possible that contributions to the observed scan data could
V arise from shorter-wavelength radiation in higher order , e.g., 4th and 5th

order 02 Schumann-Runge .14 ’15 This was investigated in another repeat run at

the 90.3 atm. tes t condi t ion , in air + Cu aerosol , in which a 4500R high-pass
filter was installed at the entrance slit of the scanning spectrometer. The

long-wavelength limit on instrument response was that imposed by the cathode
V of the EM! photomultiplier. The cathode was a tn -alkali whose S20-type

response extended out to about 8000g, However, the line-profile shape in

this case was similar to that recorded in the absence of the high-pass filter

(Figure 13(b)). The background radiation is therefore contributing directly

in the 5000g wavelength region,

This is clearly an import ant phenomenon and poses a potential for
compromising the unambiguous use of the copper line radiometric measurement

V 

technique in the AFFDL RENT facili ty , with air as the test gas.

Further detailed investigation of the source of this radiation could

not be pursued within the scope of the program. Several factors should be

noted however, on the basis of the present results. The background radiation

has been referred to as continuum-like , in that the behavior is not quite

that expected of a true continuum. For example, referring to Figures 13(b)

V and 14(a) , the temporal locat ion of the peak line intensity in Figure 13(b)

14. Allen , R.A., Air Radiation Tables: Spectral Distribution Functions
for Molecular Band Systems , AVCO Everett Research Report No. 236,
April 1966 .

15. Treanor , C.E. and Wurster , W .H. , Measured Transition Probabilities
for the Schumann-Runge System of Oxygen , J. Chem, Phys. 32, 758 ,
1960.
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Figure 16, SPECTRAL SCANS OF REFLECTED.SHOCK REGION IN AIR WITH
AND WITHOUT COPPER AEROSOL
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is indicated on the corresponding radiometer record of Figure 14(a). The

scan record (Figure 13(b) ) exhibits a monotonic fall off in radiation inten-

sity from the peak value. However, the radiation monitored within the

filter bandpass (Figure 14(a) ) remains sensibly constant for a further

60-70 ,~..secs, i.e., 
during the period the scan signal data decreases by 5%

from its peak value. Note that the direction of increasing time is opposite

in the scan and radiometer records.

The sam e behavior is evident also in the air-only data , by compari-

- 
- , son of Figures 15(a) and 15(b) . Over -t he wavelength interval encompassed

by t he spectral scan , which is con s ide V 
~y smaller than the radiometer

filter bandpass , the spectral scan of w cont inuum source could therefore be
expected to exhibit an essentially constant radiation level. This was checked

by illuminating the spectrometer entrance slit with a tungsten filament lamp

and performing a spectral scan of the tungsten source. The grating setting

was the same as that employed in the shock-tube measurements. The scan

record is shown in Figure 17 wherein, as expected, the radiation is seen to
be reasonably uniform over the wavelength interval of the scan. From these

tests it thus appears that the background radiation cannot be attributed, at

least unambiguously, to a cont inuum source.

Despite the peculiarities of the radiation behavior observed in the

scan records as discussed above, the possible contribution of other air-con-

V 
t inuum radiat ions , in the wavelength region pertinent to the copper line

radiations , was nevertheless assessed . Two potential contributors would in-

d ude the radiative recombination of NO2 , i .e . ,

-

and the nitrogen first positive, N2 (l+) , band system . Both systems extend

from the visible out to about 2

52 
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In order to as sess the possible contributions from these systems ,
t he tungsten filament temperature was measured with an opt ical pyrometer.
The brightness temperature , at 6500L was t hus determined to be 2420°K, i.e.,
t he tungsten filament was irradiating the spectrometer system , at 6500k ,
like a blackbodv at 2,420 °K. The ratio of the tungsten emissivities at 5l0O~
and 6500g was obtained from DeVos)6 as about 1.05 , whence , at 51OO~ , the

tungsten source irradiated the system like a 2,800°K blackbody . The scan data

of Figure r then affo rded an approximate calibration constant , from which

a max imum radiance value of about 680 w/cm2 
sr ,um was estimated for the

scan data in Figure 15(a) .

The spectral radiance at SlOOR , from NO 2 recombination in air at

the reflected shock conditions corresponding to Figure 15 was evaluated from

the data of Reference 17. It was found, however , that NO2 recombination ac-

counted for only about 7% of the radiance estimated above for the pure-air scan

data. S imilarly, the N1 (1+) radiance at the same reflected shock condition

was estimated , us ing the data of Reference 18, to be only about 5% of that

measured at siooR.

The rad iat ion profiles obtained in the spectral scan measurements wi th

air as ca rr it’ r gas have thus not been reconciled as to accountabi l i ty for the
heh i~ i or observed . No tw I t hs tand i ug , the apparent pres sure—b roadcncd line ~. i d t h

of the ~ lt 1~ A copper line in air at 90.3 atm. was evaluated as follows . The 
V

scan data for pure air and ni r + Cu were used together (e - g . , Figure ltd) in

order to suht ract the continuum—like backeround radiation from the Cu— I inc
scan profile - The half width at ha It’ height thus measured for the ‘‘net p~~ fj  le”
Cu tine scan of Fi gure 1 3~h) was 0. 52A . An estimate for ~ (i = N ,) in  t a b l e  2 ,

indicates a corresponding = 0.021,\, suggesting simi lar ’
,~~ values for N ,

and a i r - C lca~’ lv , howeve r, i~ v i ow of the e f fec ts  of the unknown background

16. DeVos , J.C., A New Determination of the Emissivity of Tungsten Ribbon ,
Physica XX , 690 , (1954) .

17. Wurster , W .H. and Marrone , P.\’., Study of Infrared Emiss ion in Heated
Air , Cornell Aero . Lab. (now Caispan ) Report No. QM- 13 ’ 3-A-4, July 1961.

18. Wurster , W it. , Measured Transition Probability for the First-Positive
Band System of Nitrogen , J. Chem. Phys., 36 , 2111 , April 1962.
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radi at ion on the air—carrier measurements, observations cannot be t~uant i fied

- 
- rd iablv - It is noted only , that to within the a~)proximat ions implied above ,

there is no apparent effect of 0 on the SlOo:\ line width . No “net profi le”
half width estimate for the 45 atm case of Fi gure 13(a) could be considered
since the diagnostic air-only runs were performed for the 90.3 atm. case only .

The ratio of the output signals of the S1O6R line opacity monitor in
the air experiments were measured to be about 1.4 for air + Cu and 1.35 for air

without Cu, at the 90.3 atm, test condition. The reflecting/non-reflecting

wall channel signals were also in the ratio of 1,4 for the lower pressure

(45.8 atm.) air + Cu run condition . These opacity measurements therefore

indicate that the Cu line-width measurements in air were also performed under

V non-thin radiation conditions. As noted previously, however, in the discussion
of the measured Cu line widths in the N

2 ~ Cu experiments (Sec. 5.3.1), seriously-

V questioned reliability must be ascribed to the opacity-monitor data obtained

during the line-width measurements . (See the post-test observations reported

at the end of this section).

V Two-channel radiometer measurements for the relative intensity, R

of the 5153/5106R copper lines were also recorded during the shock tube ex-

periments in air. In the absence of the copper aerosol , the R value measured
in pure air was unity. The 5106R radiometer channel record for this run is

that shown in Figure 13(b). This result is, in fact, one to be expected for V

the response of the radiometer systems to a continuum source wherein negligible V

change in spectral radiance occurs over ~ soR, the wavelength separation of
- ,  

the SlS3R and 5l56R radiometer channels.

The relative intensity of the 5153R and 5lO6R radiometer channels V

V measured during the air + Cu experiments at 90.3 atm., corresponded to the

large value, R *0.56, at ~970°K. The corresponding data records are those
shown in Figure 14. This result is one clearly compromised by the effect of 

V

the cont inuum-like background radiation contribut ions. However , since the

respective channel signal levels measured in air without copper were the same

(i.e., R = 1), the effect of subtracting this air-only radiation level as a

t
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background signal correction common to the Air + Cu radiometer channel data

could be investigated. The ratio of the net SlS3R and 5l06R signal intensi-
V ties for air + Cu then yielded a value of R = 0.14, for the 90.3 atm., 4~97O°K

test condition .

Reference to Figure 8 indicates that after making this large correc-

tion , the above R value is also close to the curve (of prescribed temperature

V dependence) whose location was defined by the optically thin relative transi-

t ion probability measurements at 4,000°K. The agreement for the air + Cu R
value at 5000°K is , in fac t, comparable to that already indicated on Figure 8
for the N, + Cu data at —‘ 6000°K.

A final , post-test , observation should be made concerning the opacity-

monitor data. This instrument was designed for use during the relative trans-

ition probability measurements for the purpose of confirming experimental op-

erations under optically ti-tin conditions . However , for the line width measure-

ments , the opacity monitor measurements were considered as qualitative only.

In particular , the two-channel system balance for this instrument was not

checked during the course of the line width measurements. However, following

t he data analyses reported herein , the opacity monitor channel gain balances

were subsequently checked , in view of the apparent contradictory indications

k of the radiometer relative intensity ratio data and the opacity monitor data.

The opacity instrument channel gains were found to he out of balance , from

unity , by 20’~. in a direction ti-tat would require the opacity signal ratio data

to be increased Lw a factor of 1.2.

Owing to t he fact that such an instrument calibration measurement
was not perfo rmed prior to , nor during the l ine width measurements , re tr oac t ive

application of such a correction is not proposed. However , this f inding does
support prev ious conclus ions that the opacity monitor data obtained during the
l i n e width measurements were unreliable and that the line width experiment’~
were , in fact , performed closer to optically thin conditions.

j
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

Relative transition probability measurements for the SlS3R and

copper atom ic lines have been performed under optically thin conditions in
argon, at a temperature of 4000°K. The measured relative intensity ratios ,

R, for the two copper lines defined the location of an experimental curve of

R vs T. The temperature dependence of the curve was that calculated for the

5l53/5106R line intensity ratio, (Eqn. (8)), with the cons tant (g~A) 515./(g A)5106
fitted to the experimental determination at 4,000°K. The R values measured at

4,000°Kwere found to be in reasonably close accord with the results of Kock and

Richter. 12

V Relative copper line intensity measurements were also obtained , using

much more copper , as complemelitary data to the 5106R copper line measurements
performed in N

2 
and air. The two-channel radiometer measurements in N,, at a

temperature near S~9O0°K, were also found to yield R values which were reasonably
close to the curve defined by the optically thin results. Complementary measure-

ments using different path lengths (opacity monitor) indicated that the gas was

V ~ptical1y thick , and it was not possible to reconcile these contradictory results.
V Post- - 

~st observations indicated , however , that the opacity-monitor dat a for

the line-width measurements are i-tot reliabl e .

Relat ive intensity measurements were al-s o obtained in air at a tempera-

tu re  near E~0O0°K. These data, however , were superimposed upon a high level of
background radiation within the radiometer filter bandpasses. On the basis of

supplementary two-channel radiometer measurements performed in air without

copper, however, a correction for the background radiation could be investigated
V for one of the test conditions in air. After making this large correction , the

rel ative intensity ratio for the copper l ines was then also found to exhibit

clos e correlation with .‘.e measured R values at 4~000°K and S,900°K.
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V IShtV~ e I’ fec t o I pres ii i-c broadening on t he ~ I i)~A co( ’pe r Ii ne wa s iii

\V ( .s t  I ga t ed in the shock tube c~porimeut s us ing both N • and ii r as Cu aerosol
0 -

ca rr it’ r ga sos . Spec t r i  I s -atis of the f~ tOM line in N , cxli h i ted :an inc rc’.ise

in the measured Ii lie w i dt ii wii i cii was cons i st ent n it it t lie tWo - fold i tic reuse in

t o t  a I gas 
~ 
re s s ure - T u e  ineasu i-ed hal t~ wi dt Ii at ha I I he I g ut  for the Si (1(,A Cu

11 tie, i—educed t o t utida rd t empe ra t nrc and pros u i-c cond I t ions • was 0. 02 1 A. The

cot-responding opt I c a t  t-o I l ls  ion diameter was ~ . A . wi t ich Is - to s e  to the vu tin’
rt’po rt ed h \V  Ovechk in and Sand i’i ga i to. Si in ii a r s pee t ra I scan incas uremt’nt s

-~ 
- o t~ the ~ L OoA c u Ii ne in air • however , were coin(i rem I sed 1w’ cans e o I a hi git I eve I

V of under lying -ont inuum— l ike radiat ion w i t h i n  the w ave length i n te rva ls  of In—

t’ rest - V t ~it is background tad i at  i ot t  was shown o ot-i gi nate from t he heated a I r

cat - r ici- gas. No hi ght’ r- order s ~~ t ra I cent r i but ions from slit ’ r t or - wave length
radiat ion sv s  tents a t’t’ be Ii t’ve~l to 1w’ respotis I hi e . I- st  I mat es we rt - a t  so inthk’

of t he rud i at ion , con t r I but i ng w I t h u t  the butiti - from t we ot ’ the ri-i tic i pa I ra~I i
at ion 5 \ V 5 tents iii lii gh— ri’tupera t ti re :i i i- . The t s  t i tnt ted cent ri bitt I otis I rem NO

t a  di at I ~~ tec t ’ nI’ I it ~ t t ion and t lie N , f i r s t  — po s i t  I ye s ~- st  cut , hone vet- , we 1-c totin d

not to be si gui Il cant -

On the Itas is of supplement ai-y sj ’e - t  i-al scan mt’astt reinent s perfo rmed

in a i i -  n i t  hout copper , a ct’ ri-oct I on fo t- the hack gi-otind ratl I at ion sac made to

t h e  ~ I (h~:\ CU II no scait data in ( i i  c o r ded  i i i - at ¶)(t . .~ ~~ 
• (
~ (I i’ .t :t(’pro \ I —

m,-i t ion , t he ‘‘ not pro f t  to ’’ data lot- a i t  is b readen I iig g:t s i tid I cat ed no e f fec t

~ltic to t he p rese itet ’ o f 0 ,. when compared w i t  it t lit’ ~ , — t i  i ri et 1u t a -
(‘he ‘ lOoA t ine center n i s  obscrve ~

( to be sl~ I (ted I t’  longer  w: i iV e Ie I i g  ii

w I t Ii i t i c  i.e • i~~t’ in N , g a p i-es si ire - 
V Flit’ ob cc r v ott  i—~ it 1 o o t 1 1 tie f it I I w i ii t h a

hat t~ he I gu t  t o  I i  no center si t I t~t was found t t ’  he in reasonable accord wit it

1.1 ndho in’ ~~~~~ t ht’o ret I c i  I ~~~~ liii’ fot v ~~ tie i- W:ta I t’oi~Ct’s .t iwl iii a ~ reemeit t w i t  ii

rite rat io meastirt’d b%V (i(V ~~. cli k in and Saud ri ga I ~~~ 
‘ lot- the S I 0t, .V\ ~‘ ppt~ t- ( l iii’ in 

V

eel ti c ions with N , inole citles -

The radiation behavior observed In the air aerosol-carrier gas cx -
perimc’nt s has not been resolved . Nor was it possible to pursue Its diagnostive
investigations further within the means of these studies. Also , in v iew of

t he significant offe~t of the underlying radiation on the ~5l06R copper line
V 

sp ectra l scan measur ements in a i r , and t he extent of corroborative shock tube

checkout experiments required following readjustment of the spectrometer
grating, it was not considered technically justifiable to liroceed with similar

V spectra l scan s of the 5153R copper I1n~ . V

- V
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2 RI~COt4lENDAT IONS

because air is the test medium of primary interest in the AFFDL RENT
exper iments , it is expected that the contributions of radiat ing systems from

V the high-temperature air that have been observed herein w i l l  similarly com-

prom ise non-ambiguity in the interpretation of the Cu line int ensity measure-
ments in that facility.

- 
- 

The conput at i ona I model lot- the d eve 1 opmt’n t of an i I go t’i t hut to deduce

teniperature ft-out the Cu line intend ty  rat i t’  must iw ’cessa r i  I t  t a k e  i n to  l t i ’ t ’ I l i t t

.t II the fact ot-s wit I ch at ’ leo t the ope rat i tma I men sit rinetit the Cii ( O t t l  i t t t ~ , ~- t

tt . t t tOil ~~1CS5t t t ’ ~’ levels , wavelength bandpass widths and posit ions . ha’kgt-outtd.is sessntt ’nt and compensat ion and I t ow non—un i torn i t  lit the 1-eg I ott o I measure

inet it - In add i t ion , the data w hich dete rmine the basic phvs I cal  para m eters
whi ch .1 t’e used in the mode 1 shoti Id be obt a I ned w it Ii the saute I eve I ot ’ proc I c ion

as w i l t  c l t i r , ic t e r t ~.e t he f i t t i l  operat iona l flleasuvt -nteltt - thus , t here is  a

di st i zi ct idv ttt t .ige in USing titt ’ s tino opt it,- t l  sys t e m  tot’ both the di t ~ iioc t I c

development and the t’perat 101111 appl I cit ion .

V t ~ht ~ t•esu It s o I the present e~per i mont s IIa~
V t, hi git l Ighted ‘otue el t he

cotnp l I cat  Ions t h u  t can in cc with i si nip Ii lied mod eling a(ipt’eat’tt bused 0111%

on the cons ide rat I on o t’ i Jet I I ~o~l ooppe r end i ,t t ion - The sumina rv recoinuiendn t ion

theret’orc . I s t hat the opt I cal s’ st  cm us present lv con t I gitred at V \ I V FI 1 I  hemitt em- faced  w Ith a known , w e ll —de li med and tin I t’orni soi t rc t ’ ot ’ Cu see ded , shock —

heated air. lu this way , the optical cvstetl i  can lie cal  iht-at t ’d w i t h  at  I itti l t’orm-

f l ew ra~i i at i~’it phe’notnena taken into account - V1•he t cc t t I mites tee ¼- oinpnt i He ,

l’ec t i tcv t he frequent-v response o t t lit’ cv stem is hIght , ha~ I ng beeti des i gne d to

accommodate t he rapid t’I tic tua t ions knowit to cx I s t  in the arc lao i l l  t - V-\dth I —

t lou t I I v , the’ ef fec t  s ot ’ the va n at ion ot ’ w tv e lengt it banttpasse s and pos i t  ton
could be d i rect  lv isct ’sst ’I and opt m i  ‘ ed

it
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